This paper proposes a measurement method to capture the surface profiles of vibrating objects with high spatial resolution. The proposed method is a one-shot surface shape measurement using a grating projection method, which incorporates a Wiener filter to reduce the random error. The measured objects are a white flat plate and a polyimide film with wrinkles. The random errors treated in this study are error components that appear in the depth direction of the photogrammetric measurement. By experimental measurement of stationary objects, it is clarified that the spatial distribution of random errors is roughly Gaussian. On the basis of this result, a Wiener filter is applied as a random error reduction method for the one-shot surface shape measurement using the grating projection method. Its effectiveness is discussed by conducting the shape measurement of the white plate model and the polyimide film. The results show that the proposed method can remove random errors from the measurement results with the same effectiveness as a traditional averaging procedure. Moreover, it is also shown that the proposed method can appropriately reduce random errors in the surface shape measurement results of vibrating objects.
Nomenclature M: number of pixels in the vertical direction of the analysis region for the surface shape measurement result N: number of pixels in the horizontal direction of the analysis region for the surface shape measurement result z: surface shape measurement result in the z direction ": random error in the z direction : average of multiple surface shape measurement results in the z direction Subscripts i: pixel number in the vertical direction j: pixel number in the horizontal direction RMS: root mean square Superscripts k: number of measurements
Introduction
In recent decades, photogrammetric measurement has received increasing attention as an inspection technology in various engineering fields. [1] [2] [3] [4] In space structure engineering, photogrammetry is used as a non-contact, short-time measurement technology capable of capturing the full-field surface shape of large space structures. Accordingly, numerous studies have been reported in the last two decades. [5] [6] [7] [8] [9] [10] [11] Some studies 2, [12] [13] [14] focus upon photogrammetric measurement using a grating projection method as a full-field surface shape measurement method with high accuracy and high spatial resolution for space structures. In our past studies, [8] [9] [10] [11] we conducted surface shape measurements of various space structures, including a honeycomb panel, polyimide film, glass-ceramic spherical mirror model, and circle-formed flat plate model coated with the material of S13GP:6N/LO-1. It was found that photogrammetric measurement using a grating projection method could measure the surface shape of these models to an accuracy of within 100 Â 10 À6 mRMS. In these measurements, accuracy was obtained by multiple surface shape measurements of stationary objects, and then removing random errors in the measurement results using an averaging procedure.
However, when surface shape measurements of flexible space structures are conducted, it is difficult to maintain the structure in an immobile position, and thus multiple surface shape measurements cannot be applied to obtain the surface profiles of these structures. In such situations, one-shot surface shape measurements are required to obtain precise surface profiles of the objects. In addition, an alternative method for removing random errors from the one-shot surface shape measurement results is required to improve the measurement accuracy of the captured data.
Thus, in this study, one-shot surface shape measurement using a grating projection method, which incorporates a Wiener filter to reduce the random error, is proposed to capture the precise surface profile of vibrating objects with high spatial resolution. The objects measured in this study are a white flat plate and a polyimide film with wrinkles. First, by conducting multiple measurements of the stationary objects, the spatial distribution of random errors appearing on the one-shot surface shape measurement using the grating projection method is discussed. Second, on the basis of this discussion, a Wiener filter is applied as a random error reduction method for the one-shot surface shape measurement using the grating projection method, and its effectiveness is investigated. Third, by applying one-shot surface shape measurement using the grating projection method to the surface shape measurements of the vibrating objects, the applicability of the method is determined. The random errors treated in this study are error components appearing in the depth direction of the photogrammetric measurements. Figure 1 shows the three measurement objects that are used in this study. The reference plane in Fig. 1(a) is a glass plate with a flat surface, which is used in the calibration process. The size of the reference plane is 0:5 Â 0:7 m, and a light diffusion sheet is pasted on its surface. The reference plane is installed on the experimental jig by clamping its top and bottom sides.
Outline of Experiment

Measurement object
The polyimide film shown in Fig. 1(b) is a Kapton H-type film (DU PONT-TORAY Co., Ltd.) with an area of 0:4 Â 0:667 m, and a thickness of 25 Â 10 À6 m. The surface of the polyimide film is matted with delustering spray to avoid glossy effects in the photogrammetric measurement. The polyimide film is installed on the experimental jig by pulling at the four corners with a Kevlar string. Because of this tensile loading, a wrinkling phenomenon is caused in the diagonal line, and the complicated surface shape of the polyimide film (see Fig. 3(b) ) is measured.
The plate model shown in Fig. 1(c) is made of aluminum, and a light diffusion sheet is pasted on its surface. The area of the plate model is 0:15 Â 0:15 m. The plate model is hung from the experimental jig by the Kevlar string. Figure 2 is a schematic of the experimental device constructed for this study. The experimental device is comprised of a photogrammetric measurement system using the grating projection method and the measured object. In the photogrammetric measurement system, a digital camera and a projector are installed on the measurement jig at a distance of 0.50 m. The measurement jig is placed on a single spindle stage, and can be moved back and forth with a repeated positioning accuracy of 6:0 Â 10 À6 m. Reference planes 1 and 2, used in the calibration process, are installed on the vibration isolation table, and vibrations transmitted through the floor are removed. The distance between the two reference planes is 0.04 m. The space on which the surface shape measurements are conducted is located between reference planes 1 and 2. The x and y axes are defined on the surface of reference plane 1, and the z axis is set perpendicular to them. In this study, reference plane 2 is virtually created by moving the photogrammetric measurement system with a single spindle stage.
Constructed measurement system
After calibration is completed, the two reference planes are removed, and the measurement object is installed in the measurement space. Then, the grating patterns are projected onto the measurement object by the projector, and the image data of the object surface with the projected grating patterns is photographed by the digital camera. By conducting a phase analysis on the grating patterns projected onto the object, the three-dimensional (3D) position coordinate of the object surface is obtained on a pixel-to-pixel basis. In this study, a sampling moiré method 13) is applied for phase analysis to calculate the 3D positional coordinates of the object surface from the one-shot captured image data.
The specifications of the experimental equipment used in this study are summarized in Table 1 . For a detailed explanation of both the calibration processes and the measurement procedures of the grating projection method, refer to the previously reported studies. [11] [12] [13] [14] 2.3. Experimental cases Table 2 lists the experimental cases. In this study, two cases are examined. In Case 1, a multiple-surface shape measurement using the grating projection method is performed for the stationary objects. The measurement objects are the reference plane and the polyimide film with wrinkles.
To keep the object immobile during measurement, the objects are placed on a vibration isolation table to avoid base movement due to the vibration transmitted through the floor. The air conditioner is turned off, and the shape measurement is performed in a quiet environment. The measurement time is set to 1 sec to eliminate the effects of the room temperature on the measurement results. This case is examined to investigate the spatial distribution of random errors appearing on the one-shot surface shape measurement. The number of multiple-surface shape measurements is 200, and the shutter speed of the digital camera is 200 fps. In Case 2, surface shape measurement is performed for vibrating objects. The measured objects are the plate model and the polyimide film with wrinkles. This case is examined to discuss the applicability of the proposed method for the surface shape measurement of vibrating objects. The shutter speed of the digital camera remains 200 fps, and the measurement time is 3 sec. Figure 3 illustrates the plate model and the polyimide film with wrinkles used in Case 2. Because the plate model is hung from the jig by Kevlar string, pendulum motion is measured for the model. On the other hand, for the polyimide film, impact loading is applied at the top left corner of the polyimide film, and three vibration phenomena (i.e., wave propagation, stationary vibration, and the transition between them) are measured.
3. Proposal for the Random Error Reduction Method 3.1. One-shot surface shape measurement results Figure 4 shows the captured image data for the one-shot surface shape measurement of the reference plane and polyimide film. The figure displays the results of one of the 200 surface shape measurements obtained for Case 1. The captured image data is a partial region of the object's surface, and the size of the region is approximately 0:435 Â 0:326 m. Because the effective resolution of the digital camera is 640 Â 480 pixels, each pixel is roughly 0:68 Â 10 À3 m to a side. Figure 5 indicates the measurement results for the partial region. The area of the measurement results in this figure is set to 500 Â 300 pixels. In this figure, the x and y axes represent the pixel values, and the contour color indicates the z-axis position coordinate. Figure 6 indicates the cross-sectional shape of the object surface along the line at 150 pixels in the y axis in Fig. 5 . The x axis is the pixel value.
From these figures, the surface of the target object can be measured by one-shot surface shape measurement using the grating projection method. In particular, localized deformation shapes, such as the wrinkling phenomenon along the diagonal line of the polyimide film, can be measured in detail. Accordingly, the effectiveness of the grating projection method capable of capturing the object surface shape with high spatial resolution is confirmed. However, focusing on the cross-sectional shape, as shown in Fig. 6 , measurement errors are clearly observed. In our previous study, 11) we found that these errors were composed of systematic and random components, and that their magnitudes depended on the optical properties of the measured objects. Of these two errors, the random error components are focused upon, and a method of reducing them is investigated in the present study. Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 6, 2015
Spatial distribution property of random errors
To discuss a method for reducing random errors for the one-shot surface shape measurement, spatial distribution of the random errors is investigated focusing on Gaussian and white-noise properties. Initially, the random error components of the measurement errors in the z direction are extracted from the following equation.
The average value of the multiple measurement results used in the above-mentioned equation is given by
The magnitude of the random errors appearing in the measurement results is formulated as follows:
Here, the result given by Eq. (3) corresponds to the magnitude of the random errors removed by the averaging procedures. The calculated value in Eq. (1) also includes the periodic component. However, in this measurement, the auto-correlation coefficients of the results in Eq. (1) are 0.39 in the reference plane, and 0.27 in the polyimide film at a maximum. Thus, the result in Eq. (1) does not indicate a strong correlation at each measurement, and is treated as the random error appearing on the one-shot surface shape measurement results of the grating projection method in this study. Figure 7 indicates the random error distribution derived from the above-mentioned calculation (k ¼ 1). This figure shows the results in the partial area of the measured surface (dotted square area in Fig. 5 ; 281-480 pixels in the x direction, 51-250 pixels in the y direction). From the figure, random errors are clearly observed in the one-shot surface shape measurement results, and their magnitudes depend on the measured objects. Table 3 lists the magnitude of the random errors calculated by Eq. (3). In our past study, 8, 11) it was reported that the magnitude of the random errors is affected by the glossy effects of the object surface and the permeability of the objects, and strongly depends on the brightness value of the projected grating patterns in the captured image data.
The Gaussian property of the random errors is investigated using these extracted random errors. Figure 8 indicates a normal probability plot of the random error. It can be observed from the figure that the random errors are approximately plotted on a straight line. This means that the spatial distribution of the random errors extracted in Eq. (1) roughly follows normal distribution. However, when one-sample Kolmogorov-Smirnov test is performed for these errors with a significant level 0.05, the normality of these errors is not confirmed for the polyimide film, whereas it is confirmed for the reference plane. Thus, the spatial distribution property of the random errors in Eq. (1) is different for the measurement objects and does not always follow normal distribution strictly.
Next, the white-noise property of random errors is discussed. Figure 9 shows the two-dimensional fast Fourier transform (2D FFT) of the random error distribution presented in Fig. 7 . The x and y axes represent the spatial frequency, and the contour color is the non-dimensional magnitude normalized by the maximum. In this figure, the area in the negative x and y axes is the reflective symmetry appearing in the FFT analysis. From the figure, the magnitude of the 2D FFT becomes large near the line of y = 0. Figure 10 shows the cross-section of the 2D FFT result for the reference plane ( Fig. 9(a) ). Figure 10 Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 6, 2015 FFT varies in the y direction, whereas that in the x direction is approximately uniform. This indicates that the spatial distribution of random errors has a white-noise property focusing on the x direction. These differences occur due to the fact that the grating patterns are projected onto the object surface in the y direction. In the grating projection method, the 3D positional coordinates of the object surface are calculated from the phase information of the projected grating pattern. In this calculation, it is treated that the brightness value along the projected grating pattern varies as a cosine wave. 13) However, in a practical situation, the projected grating patterns are slightly distorted against the ideal cosine wave, and a periodic error component appears due to this distortion. Especially, in the sampling moiré method, since a thinning process is conducted to obtain the phase information of the projected grating pattern from the one-shot image data, the wavelength of the periodic error is longer than the projected grating pattern pitch. Thus, the error components in the y direction appear in the lower spatial frequency domain as shown in Fig. 10(a) .
Random error reduction method
From the above-mentioned discussion, it can be seen that the random errors appearing in the one-shot surface shape measurement using the grating projection method approximately follows a Gaussian distribution. In addition, by focusing on the spatial distribution in the x direction, the whitenoise property is also observed. In this study, a random error reduction method using a Wiener filter is proposed for such a distribution. The calculation using the Wiener filter to reduce the random errors is performed using the Matlab function wiener2, which is defined as a two-dimensional adaptive noise-removal filtering method. In general, Wiener filters have been applied to remove white-Gaussian noise present in image data to improve image quality. In this study, the effectiveness of using the Wiener filter to remove the random error component from the one-shot surface shape measurement results is investigated. Figure 11 shows the corrected one-shot surface shape measurement results using the Wiener filter. The mask size of the Wiener filter in this calculation is set to 20 pixels to Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 6, 2015 a side for the reference plane and 8 pixels to a side for the polyimide film. The method for deciding these mask sizes is explained later. Figure 12 shows a comparison of the center cross-sectional shape obtained by the Wiener-corrected and uncorrected measurements. Figure 13 compares the center cross-sectional shape of the results that have been corrected by the averaging method to that of the results that have been corrected by the Wiener filter. The data corrected using the Wiener filter are in rough agreement with the average data. These figures indicate that the proposed random error reduction method based on the Wiener filter, which is applied to the one-shot surface shape measurement using the grating projection method, is suitable. Table 4 lists the magnitudes of the random errors removed by the Wiener filter. These magnitudes indicate the root mean square (RMS) values of the removed random errors that are obtained by subtracting the corrected data from the one-shot surface shape measurement results. Compared to the result in Table 3 , these magnitudes are almost the same as those achieved by the traditional averaging procedures. This implies that the Wiener filter can remove random errors with the same effectiveness as the traditional averaging procedures if the mask size is suitably selected.
Effectiveness and Applicability of the Proposed Method
Reduction effects of the proposed method
Next, an appropriate mask size for the Wiener filter is discussed. Figure 14 shows the relationship between the mask size and the reduction effect of the Wiener filter. The abscissa indicates a mask size and the ordinate represents the reduction effects. The reduction effects in this figure are given by the difference between the result corrected by the Wiener filter and the result corrected by the averaging procedure. From Fig. 14(a) , when the mask size is larger than 20 pixels, the difference between the two results comes close to a minimum; whereas from Fig. 14(b) , the difference between the two results becomes the smallest when the mask size is equal to 8 pixels. Considering that the size of one pixel is roughly 0:68 Â 10 À3 m to a side, as stated before, the Wiener filter offers excellent reduction effects when the mask size is 13:6 Â 10 À3 m to a side for the reference plane and 5:44 Â 10 À3 m to a side for the polyimide film. Figure 15 indicates the results of the 2D FFT of the surface shape measurement results. The calculated region corresponds to the center square region with 300 pixels to a side in Fig. 5 . From the figure, the dominant deformation shape appears in the spatial frequency domain lower than approximately 0:07 Â 10 3 m ¹1 for the reference plane and 0:18 Â 10 3 m ¹1 for the polyimide film. Because the inverse of these two values is 14:2 Â 10 À3 m and 5:56 Â 10 À3 m, they are in rough agreement with the mask sizes mentioned above. Accordingly, the appropriate mask size corresponds to the lower limit of the wavelength of the dominant deformation shape in the measurement surface. 4.2. Applicability of the proposed method for measurement results of vibrating objects By applying the proposed method to the surface shape measurement of the vibrating objects, the applicability of the proposed method is investigated. The models under investigation are the plate model and polyimide film with wrinkles.
Figures 16 and 17 indicate the analysis region and the analysis point used in this discussion. Figure 18 shows the time history at the analysis points of the object surface in , the wrinkling phenomenon in the diagonal direction remains after the random errors are removed. This indicates that the proposed measurement method, which incorporates the Wiener filter to the one-shot surface shape measurement using the grating projection method, appropriately captures the complicated surface shape of the vibrating polyimide film, while confirming the applicability of the proposed method for the surface shape measurement of the vibrating objects.
Conclusions
A one-shot surface shape measurement using a grating projection method, which incorporates a Wiener filter to reduce the random error, is proposed to capture the surface profiles of vibrating objects with high accuracy and high spatial resolution. Its effectiveness is discussed through a demonstration of the surface shape measurement of a plate model and a polyimide film with wrinkles. The major findings of this study are summarized below.
(1) By conducting multiple-surface shape measurements for the reference plane and the polyimide film with wrinkles, it was shown that the spatial distribution of the random errors of the one-shot surface shape measurement is roughly Gaussian. In addition, it was also shown that the spatial distribution of the random errors has a white-noise property when the spatial distribution in the x direction is focused upon.
(2) A random error reduction method using a Wiener filter was applied for the one-shot surface shape measurement method using the grating projection method in order to remove the random errors of the surface shape measurement of stationary objects. From the results, the Wiener filter was found to remove random errors from the one-shot surface shape measurement results with the same effectiveness as the traditional averaging procedures if the mask size is suitably selected. (3) A suitable mask size for the Wiener filter roughly corresponds to the lower limit of the wavelength of the dominant deformation shape of the object surface.
(4) By applying the proposed method for vibrating objects, the effectiveness of the method was presented. In particular, the measurement method incorporating the Wiener filter to one-shot surface shape measurement using the grating projection method appropriately captures the complicated surface shape of the vibrating polyimide film.
